This investigation demonstrates the use of a rare earth to achieve extremely low oxygen and sulfur levels in a vacuum induction melted (V superalloy.
superalloy.
Since both the quality of rare earth elements available and VIM technology have increased over the last decade, exacting techniques can be used to achieve consistent results.
With the use OS current thermodynamic data, the theoretical amount of lanthanum required to react with the remaining oxygen and sulfur in a molten bath of an iron-nickel ba 3 superalloy was determined. Through a judicious addition of lanthanum, the levels of both oxygen and sulfur were reduced to less than 10 ppm with a minimum of retained rare earth.
As a consequence, stress rupture ductility was increased, creep rate was lowered and hot workability was improved. In addition, no undesirable structural features were produced. The potential of rare earth elements to counteract arsenic, tin, antimony, selenium and other tramp elements is also discussed.
'IM) *Unitemp is a registered trademark of Universal-Cyclops
INTRODUCTION
For several years, it has been recognized that sulfur is markedly deleterious to nickel-base superalloys, in that it impairs elevated temperature ductility (l-2), decreases hot strength (3) , and reduces weldability (4-5). It has been shown that ductility over a broad temperature range increases progressively as sulfur is reduced from 78 ppm to 5 ppm (6). Although high quality raw materials and improved melting technology have permitted sulfur levels in superalloys to be lowered to the range of 10 to 100 ppm, it has been suspected that additional property improvements could be realized by further sulfur reduction. The high affinity of rare earth elements for sulfur offers a means of attaining these low sulfur levels. The objective of this study was to improve certain mechanical properties in an iron-nickel base superalloy, Unitemp 901, via ultra-desulfurization.
PROCEDURE
A Unitemp 901 heat was VIM without a slag, using a charge consisting of low sulfur revert materials in a crucible lined with magnesia-based refractory.
After all alloying additions were made to the molten metal bath, a preliminary chemical analysis was performed on a dip sample, a final addition of 300 ppm lanthanum was ,added and the heat was tapped at 2715OF (149OOC).
An electrode from this heat was subsequently vacuum arc remelted @AR), forged to billet and sections of this billet were upset to pilot test pieces 314 inch (19 mm) thick.
Specimens were stress rupture tested per PWA 1003 and AMS 5661 specifications.
Both gleeble and creep tests were conducted on this material along with current production material of relatively low sulfur content (12 ppm). Extensive metallographic and scanning electron microscopy examinations were performed on the lanthanum-bearing heat.
All sulfur analyses were conducted with a Leco CS-44 determinator. This instrument, which operates by the infrared method, analyses sulfur levels as low as 5 ppm with a sensitivity of 1 ppm. The accuracy at these low levels is limited only by lack of suitable standards.
All ppm values reported herein represent weight percent as opposed to atomic percent.
RESULTS AND DISCUSSION

Background
To provide a better basis for discussing the theory arid results of this study, a brief summation of pertinent rare earth properties, relative to microalloying in superalloys follows. Three properties of interest are density, melting temperature and vapor pressure. The densities and melting points of the more cormnon rare earth metals are compared with those of nickel, cobalt and iron in Table I .
The vapor pressures of lanthanum, cerium, calcium and magnesium at superalloy melt temperatures are depicted in Fig. 1 . Because their melting points and vapor pressures are low, rare earth elements will readily melt and be retained in the bath.
The densities and melting points of relevant rare earth oxygen and sulfur compounda are presente'd in Table II is advantageous to desulfurize with rare earths when these other elements are present in the bath as is the case in Unitemp 901. In addition, the large atomic sizes of the rare earth elements make their solid solubility in iron, nickel or cobalt base superalloys negligible. Furthermore, the low vapor pressure of the rare earths as compared to calcium or magnesium constitutes a significant advantage because it renders them easier to control during VIM. This is particularly true in VAR, since the highly volatile calcium and magnesium elements tend to concentrate on the ingot surface, thereby causing initial hot workability impairment due to localized enrichment. Finally, the lower densities and non-wetting characteristics of the rare earth oxides, oxysulfides, and sulfides with respect to superalloys make them amenable to removal by flotation during teeming.
Of the lanthanide rare earth group, cerium and lanthanum are the most abundant.
Lanthanum was chosen over cerium due to its a) lower vapor pressure, b) slightly lower compound densities, and c) lower tendency to form intermetallic compounds with iron. The fact that cerium can exist in both the tetravalent and normal trivalent state explains why cerium behaves differently from other light lanthanides with respect to compound formation. For example, cerium forms intermetallic compounds with iron in which cerium is tetravalent, while lanthanum does not (9). This accounts for the fact that in some cases when mischmetal is added to steel for sulfur control, cerium concentration in the sulfides is quite low compared to the lanthanum, neodymium and praseodymium concentrations.
The cerium expected in the sulfides is instead observed as a cerium-iron intermetallic phase located at grain boundaries.
This characteristic of cerium is a disadvantage compared with lanthanum because the chance of forming undesirable phases with iron is greater.
Mischmetal, which is a mixture of cerium, lanthanum, praseodymium and neodymium, was not used because individual element effects would be difficult to discern and the major component is cerium not lanthanum.
Incidentally, rare earth elements do not form intermetallic phases with chromium, molybdenum or titanium (9).
Theoretical Calculation of Controlled Rare Earth Addition
The objective was to add a total amount of lanthanum sufficient to react with all the oxygen and sulfur present leaving only a minimal excess to compensate for any losses.
Based on the work of Lu and McLean (13) plus the thermodynamic data in Fig. 2 The concept presented in Fig. 3 was developed by Lu and McLean using solution thermodynamics with liquid iron as the solvent.
Owing to the similarities between iron and nickel the diagram would not be expected to change substantially for nickel base alloys. There is not sufficient data to establish an exact diagram; however, this diagram provides a logical system for analyzing the chemical behavior of a rare earth addition to an iron or nickel melt.
Chemical Analysis of Unitemp 901 With Controlled Lanthanum Addition
The chemical analysis of the lanthanum bearing Unitemp 901 heat is presented in Table IV, while pertinent oxygen, sulfur and lanthanum analyses are presented in Table V . These oxygen, sulfur and lanthanum levels represent the total amounts of these elements present whether they exist in the form of compounds or in solid solution.
It is believed that most of the oxygen has reacted with lanthanum to form La 0 t3 and La2Q2S and the remainder has combined with aluminum as Al 0 such that he amount in solid solution is negligible. 23
Mechanical Property Test Results
To determine the effect of both lower oxygen and sulfur and the microalloy addition of lanthanum, stress rupture and creep tests were conducted. With respect to hot workability, gleeble testing revealed that the lanthanum-bearing Unitemp 901 had slightly higher hot ductility over the temperature range 1450°F (79OOC) to 2050OF (11200~). in Fig. 4 . This data is shown graphically Both heats exhibited excellent hot workability. 
Microscopy
Longitudinal and transverse micros of the lanthanum bearing Unitemp 901 were examined in the as-worked and heat-treated conditions. Special care was necessary to prevent the rare earth inclusions from being pulled out or dissolved in water during preparation.
Bright-field and polarized-light optical microscopy, scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDxS) were utilized to locate and identify rare earth compounds. Wilson and Wells (18) have shown that in HSLA steels some rare earth oxysulfides exhibit specific colors when examined with polarized light. This characteristic was initially used to scan the micros at low (/vlOOX) and high (>8OOX) magnifications.
A few "pin-point" indications were found only at the higher magnification. In these alloys the rare earth has been added strictly for oxidation resistance.
The rare earth addition and retention in these alloys are considerably higher than what are advocated in this paper. It is proposed that rare earth elements have potential to improve properties other than oxidation resistance.
Rare earth elements have the ability to neutralize certain deleterious trace elements.
Arsenic, tin and antimony cannot be effectively removed by VIM (19) but these elements form high melting point compounds with rare earth elements and can be thereby neutralized as discussed by Luyckx (20) . Lead, bismuth and thallium also form high melting point compounds with rare earth elements but these highly volatile elements are readily removed by vacuum melting.
Selenium, of course, will react with rare earth elements in a manner similar to sulfur. In contrast, calcium and magnesium do not form intermetallit compounds with these low melting point elements (Pb, Bi, Sb, As, Sn, Tl). Therefore, rare earth elements may be used to counteract the harmful effects of tramp elements should these elements reach unacceptable levels. It is conceivable that the time may come when a rare earth addition as a weighted multiple of oxygen, sulfur and certain tramp elements will be essential in superalloy melting practices.
Reducing sulfur
to levels below 5 ppm may permit higher levels of strengthening elements in the future while still maintaining adequate stress rupture notch-ductility.
To Therefore, the recommendation is to employ a small rare earth addition (<lo00 ppm) for ultra-desulfurization when the initial oxygen content of the bath is<50 ppm,whereby sulfur is reduced from the 10 to 50 ppm range to < 5 ppm. Under such conditions the rare earth retention should be <200 ppm and preferably <50 ppm. In addition, to properly control the rare earth addition, the following vacuum melting practices should be adhered to: a) a magnesia-based crucible refractory system is preferred owing to its high thermodynamic stability; b) the melt and mold chamber pressures should be < 100 microns; c) the teeming refractory should be thoroughly dried and stable; and d) the rare earth charge material should be chemically analyzed to insure that it does not contain excessive amounts of impurities.
Conclusions
It 1) 2
can be concluded from this study that:
A small rare earth addition can reduce sulfur from 20 ppm to < 5 ppm.
Stress rupture ductility is enhanced and limited creep data indicated a lower creep rate by ultra-desulfurization via the rare earth addition.
No concurrent manufacturing difficulties were found.
Extremely fine (<5&m), globular La202S particles were detected. However, these particles were both exceedingly sparse and randomly distributed in the matrix. with the current The presence of La202S is consistent information on rare earth compound formation.
A rare earth addition for control of sulfur and possibly other deleterious tramp elements should be made available to superalloy metallurgists.
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